The paper presents an overview of research performed at Oak Ridge National Laboratory on inclusion-formation, weld-solidification, and solid-state transformations in low-alloy steel welds. The competition between oxide and nitride formation in Fe-C-Al-Mn self-shielded flux-cored arc steel welds was predicted using computational thermodynamics. Nonequilibrium austenite phase selection was monitored in a Fe-CAl-Mn weld using an in situ time-resolved X-ray diffraction technique. The competition between acicular ferrite and bainite formation from austenite was evaluated in Fe-C-Mn steel welds containing small amounts of titanium.
Introduction
Creation of advanced structural steels and other alloys is achieved by reducing ferrite grain size through mechanical alloying, intensive plastic deformation, and or low-temperature phase transformations. [1] [2] [3] [4] [5] However, fusion welding with remelting and resolidification of these steels is expected to destroy the optimum microstructure that is obtained before welding. Therefore, new methods must be developed and conventional technology must be optimized to produce fine ferrite grain size in the weld metal. To achieve this goal, one must understand and control various physical processes that occur during welding of steels. Figure 1 illustrates reaction sequences that occur in a low-alloy steel weld metal region. 6) At temperatures greater than 1 800 K, the dissolved gases react with alloying elements to form oxide or nitride inclusions. As the weld metal cools, the primary solidification occurs by the formation of the d-ferrite phase through epitaxial growth of grains from the heat-affected-zone (HAZ). As the weld cools further, austenite may form in the interdendritic region and grow into the ferrite. Further cooling, below 1 600 K, leads to complete transformation of d-ferrite to the austenite phase. With a decrease in temperature to ϳ1 000 K, allotriomorphic aferrite nucleates along the austenite grain boundaries. With a further drop in temperature, the allotriomorphic ferrite grows inward toward the center of the grain. Continued decrease in temperature leads to the formation of Widmanstatten ferrite followed by acicular ferrite and martensite.
In the past, extensive research has been done to relate the inclusion formation and decomposition of austenite in lowalloy steel welds. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Based on these research, it is possible to design welding consumables that maximize the formation of acicular ferrite in welds and thereby obtain better strength and toughness. However, the extension of this knowledge to a wide variety of welding processes, consumable compositions, and shielding gases still eludes welding metallurgist due to the complex interactions between inclu-sion formation, solidification, and solid-state transformations. The present overview focuses on current research activities at Oak Ridge National Laboratory (ORNL) that attempt to describe these interactions through computational thermodynamic and kinetic models, post-weld and in situ weld characterization.
Inclusion Formation
The first reaction that is known to influence the weld microstructure is inclusion formation. 27) Reactions between dissolved elements such as carbon, nitrogen, oxygen, aluminum, titanium, silicon, and manganese form the inclusions. The following inclusion characteristics affect the microstructure evolution: number density, volume fraction, composition, and heterogeneity of inclusions (surface and bulk composition). Previous research focused on developing thermodynamic and kinetic models to describe the inclusion characteristics as a function of weld metal composition and process parameters. 28) The model was based on sequential oxidation framework that was proposed originally by Bailey and Pargeter and by other researchers [29] [30] [31] [32] and was later modified to include overall transformation kinetic theory. 33) This model removed the limitation of the fixed oxidation sequence assumed by other researchers and linked the oxidation sequence to the weld composition and cooling rate. This allowed the model to be applicable over wide range of weld compositions and the weld cooling rates. The model has been evaluated for both normal weldcooling conditions as well as rapid cooling conditions typical of high-energy-density welding processes. 34) Recently, the model has been coupled to numerical-heattransfer and fluid-flow models. 35) This coupled model considers growth and dissolution as a function of thermal excursions experienced by the inclusions due to fluid flow in the weld metal. All of these inclusion models were tested for gas-shielded welding processes (e.g., gas-metal arc welding), slag-shielded welding processes (e.g., shielded metal arc and submerged arc welding), and, to a limited extent, on the high-energy-density welding processes (e.g. electron beam and laser welding). In an attempt to extend the inclusion model to a wide range of welding processes, current research has focused on inclusion formation in selfshielded flux-cored arc-welding processes (FCAW-S). 36) During the FCAW-S process, there is no shielding by either gas or slag. Because there is no intentional shielding, oxygen and nitrogen from the atmosphere may dissolve into the liquid weld metal and produce porosity. To alleviate this problem, tubular electrodes containing Al, Ti, and Zr were used. 37, 38) These elements react with dissolved oxygen and nitrogen to form oxides and nitrides, respectively. The tendencies to form these oxide and nitride inclusions were evaluated in two weld compositions produced by the FCAW-S process [see Table 1 ]. The inclusions in these welds were characterized with optical microscopy, scanning electron microscopy, and transmission electron microscopy. The types of inclusions were identified through composition measured by energy-dispersive spectroscopy.
The microstructural characterization showed that predominant inclusions in the weld "H" were aluminum nitrides [ Fig. 3(a) ]. Other inclusions composed of highly facetted Ti(CN) with heterogeneous formation of Al 2 O 3 on the facets. These observations indicate that both oxides and nitrides form simultaneously and that the inclusions tend to act as heterogeneous nucleation sites for other phases. Detailed analyses of extraction replicas from the weld did not show any presence of AlN inclusions. The calculated stability diagram for Fe-Al-N, Fe-Al-O and FeTi-N for the "L" weld is shown in Fig. 3(c) . The diagram shows that Al 2 O 3 and Ti(CN) reaction is possible; however, AlN reaction is not feasible for the nominal composition at 1 800 K. This result is in agreement with the experimental observations.
The above results demonstrate that it is possible to describe inclusion formation in a wide range of welding processes by employing equilibrium thermodynamic calculations that consider multicomponent interactions in liquid steel.
Weld Solidification Microstructure
The effect of weld composition and cooling rate on the solidification grain structure, alloying element partitioning, and phase selection has been studied extensively. 40) The previous section illustrated that, depending upon aluminum concentration, either an aluminum oxide reaction or an aluminum nitride reaction can be triggered. This reaction may lead to different amounts of aluminum remaining in the solution. In this study, the effect of aluminum concentration on the solidification microstructure was considered in selfshielded Fe-C-Al-Mn steel welds [see Table 1 ] through computational thermodynamic and kinetic calculations.
The microstructure of weld H contained columnar dendrites of d-ferrite with classical a-ferrite microstructure between the dendrites [see (5) At low temperatures (below 1 000 K), the austenite that formed at high temperature will decompose into the classical a-ferrite microstructure. This sequence is in general agreement with the experimentally observed microstructure. The kinetics of the transformation were evaluated with a diffusion-controlled growth model. 41, 42) The solidification and subsequent solid-state transformation during cooling of the weld from 1 800 K at a rate of 10 K s Ϫ1 was simulated. The kinetic calculations [see Fig. 4 (b)] reiterated that the retention of d-ferrite is essentially due to incomplete austenite formation, as shown by the presence of Ͼ40% ferrite, at 1 500 K. Further cooling (below 1 500 K) did not change the amount of austenite greatly before the onset of low-temperature a-ferrite formation. Other calculations also show that increase in the weld-cooling rate would lead to retention of more d-ferrite. This result was also in agreement with the experimental observations. 43) Thermodynamic calculations of weld L indicate that even in this weld, d ferrite would form from the liquid first. The calculations also show that the austenite that forms in the interdendritic regions is expected to replace the d ferrite completely and would transform to the classical d-ferrite microstructure. In agreement with these predictions, the show that 100 % austenite formed as the weld cooled to 1 600 K. The variation of cooling rate expected in the FCAW-S process was also evaluated. The results show that weld metal is expected to transform to 100 % austenite for all cooling rates, therefore guaranteeing that a fine a-ferrite microstructure forms from the austenite. These results are in agreement with the experimental observations. These results show that the solidification and subsequent solid-state transformations at high-temperature can be predicted successfully with computational thermodynamic and kinetic calculations.
Rapidly Cooled Weld Microstructure
The results in the previous section assumed that solidification always occurs with d-ferrite as the primary phase formation. This is based on the thermodynamic phase diagram. It did not consider the potential change in solidification mode at high-cooling-rates. Solidification may then occur with significant undercoolings below their equilibrium stability temperatures. Most relevant nonequilibrium solidification features in welding occur as a result of increased liquid-solid interface velocities under rapid cooling conditions. This increased velocity may lead to changes in solidification morphology, partitioning, and primary phase selections. [44] [45] [46] [47] [48] [49] In welds, epitaxial solidification occurs from the heat-affected-zone, the nucleation of solid phase occurs readily.
To explore the possibility of primary solidification by a nonequilibrium phase in low-alloy steels, weld microstructure evolution in the H Weld [see Table 1 ] was investigated as a function of weld cooling rate using an in situ time-resolved X-ray diffraction (TRXRD) technique.
50) The welds were made by striking an arc on a stationary steel cylinder produced by a surface-cladding operation in which a selfshielded FCAW process was used. The gas-tungsten arcwelding process was used to produce stationary welds on these bars to remelt and resolidify the FCAW deposits. The average welding current was maintained at 110 A; voltage was maintained at 17.5 V. Two different welding conditions were used to vary the weld metal (WM) cooling rate. In the first experiment, the arc was extinguished at 17 s after initiation. This condition leads to a rapid cooling of the weld [see Fig. 5(a) ]. During this experiment, the phase transformation events in both the HAZ and the WM were monitored. Previous research has shown that, during a static welding experiment, the measured peak cooling rates are six times higher (ϳ1 500 K s
Ϫ1
) than the normal weld-cooling rates (ϳ250 K s
). In the second experiment, the arc current was reduced in a slope-down fashion from the peak current. This allowed the WM to cool slowly, as shown in Fig. 5(b) . In this slow-cooling experiment, the transformation events were monitored only in the WM region of steel H. TRXRD measurements were performed on a 31-pole wiggler 10-2 beam line 51) at Stanford Synchrotron Radiation Laboratory with the Stanford Positron Electron Accumulation Ring. A photon energy of 12.0 keV (lϭ The TRXRD data from the HAZ region are presented in Fig. 5(c) . The measurements were made in the HAZ very close to the fusion line, where the HAZ temperatures were the highest. The results show the phase transformation events from the arc-on to the arc-off period. At room temperature, only diffraction peaks from the ferrite phase were observed. After the arc was struck, heating occurred and caused a shift in the ferrite bcc (110) peak to lower 2q values as the crystal lattice of the ferrite phase expanded. After 7 s of arc-on, diffraction from austenite [fcc (111) peak] was observed. Continued weld heating led to an increase in austenite intensity. After the arc was shut off (17 s), the austenite rapidly transformed to ferrite, as shown by the decrease in austenite fcc (111) diffraction intensity and a corresponding increase in ferrite bcc (110) peak intensity. The persistence of ferrite at high temperature is evident from the intensity of bcc (110) diffraction peaks. This finding suggests that both ferrite and austenite are present near the fusion line.
The TRXRD data from WM region is presented in Fig.  5(d) . While the arc was on, liquid was the only phase that was stable, as indicated by the absence of diffraction peaks. After the arc was extinguished, the liquid continued to exist as the only phase for an additional 0.2 s before the appearance of the austenite phase, as indicated by the fcc (111) peak. As the weld cooled further, the austenite peaks shifted toward higher 2q values, indicating a decrease in lattice spacing due to a drop in temperature. At about 3 s after the onset of solidification, ferrite was observed to coexist with the austenite, as indicated by the addition of the bcc (110) peak. Upon further cooling, the ferrite peaks also shifted toward higher 2q values as the temperature approached ambient conditions. This result of primary austenite solidification was verified through repeated experiments. The in situ TRXRD results clearly show that, under rapid weld-cooling conditions, the equilibrium ferrite mode of solidification is replaced by nonequilibrium austenite.
To evaluate the hypothesis that the mode change was brought about by an increase in the cooling rate, weld current slope-down experiments were performed on steel H. The TRXRD measurements were obtained from the WM region of steel H during the slow-cooling experiment [see Fig. 5(e) ]. The data show that at ϳ15 s after the slope down started, only liquid was present and no diffraction from ferrite or austenite was evident. The continued decrease in the welding current led to the appearance of bcc (110) diffraction peaks as the first solid phase. This confirmed the hypothesis that the reduced cooling rate would lead to primary ferrite solidification.
It is well known that the stability of the liquid-solid interface leads to different solidification phases and morphologies, and that it is indeed possible to describe these variations in primary phase solidification with an interface-response function model. Fukumoto and Kurz extended the binary model for dendrite solidification to the multicomponent Fe-Cr-Ni-C system by coupling the calculations with computational thermodynamics. [52] [53] [54] We have adopted the same approach here and have applied it to the Fe-C-Al-Mn system. The results [see Fig. 6(a) ] show that the dendrite tip temperature of ferrite is higher than that that of the austenite for the entire range of interface velocities. This suggests that the ferrite interface will be far ahead of the austenite interface. Consequently, the predicted primary solidification phase will be ferrite. The plot also shows the calculated interface velocity for the spot-welding conditions.
55) The calculated variation in the partitioning coefficients for aluminum and carbon is shown in Fig. 6(b) . The partitioning coefficients for Al and C for the austenite solidification mode are less than unity and tend to approach unity at higher liquid-solid interface velocities. In the case of ferrite solidification, carbon partitioning is similar to that of austenite. However, the partitioning coefficient for aluminum is greater than unity and tends to approach unity at higher velocities. The quantitative results from interface function models for the steel H do not in themselves support the observed transition from equilibrium ferrite to nonequilibrium austenite solidification. The calculations essentially show that the primary ferrite solidification would occur for all interface velocities. Even though this result is in agreement with slow-cooling-rate welds [see Fig. 5(d) ], it is not in agreement with results from rapidly cooled welds [see Fig.  5(c) ]. Further work is needed to understand this inconsistency.
Competition between Bainite and Acicular Ferrite Formation
The transformation of austenite to various ferrite morphologies, including allotriomorphic-, Widmanstätten-, bainitic-and acicular-ferrite in steel welds has been studied extensively. [7] [8] [9] [10] 14, 56, 57) However, there is a need to develop models to describe the competition between the acicular ferrite and bainite reactions. The bainite and acicular ferrite form by similar transformation mechanisms except for the nucleation sites. 58) Bainite nucleates along the austeniteaustenite grain boundary or along the ferrite-austenite grain boundary. In contrast, acicular ferrite nucleates intragranularly on inclusions within the austenite grains. 56, 59) Based on energetic considerations, the heterogeneous nucleation of ferrite on inclusions may be less favorable than nucleation on the boundaries. [60] [61] [62] Therefore, as long as the free boundaries exist, the bainitic transformation kinetics will be more rapid than the transformation kinetics for acicular ferrite. Previous research has shown that it is possible to reduce the nucleation rate of bainite along the austenite grain boundaries by forming allotriomorphic ferrite all along the austenite grain boundary, thereby promoting acicular ferrite formation. 59) Kinetics of both acicular ferrite and bainite transformations are affected by autocatalysis; i.e., previously formed ferrite subunits initiating the nucleation of other ferrite subunits. In this section, some of the preliminary work on modeling the relative competition between acicular ferrite and bainite is presented.
Controlled thermal cycle experiments were performed on low-alloy steel welds with two different titanium levels (7 and 17 wt. PPM). Only MnO · SiO 2 inclusions were found in the welds containing 7 wt. PPM Ti (Ti07). These welds have a predominantly bainitic microstructure in the WM region because MnO · SiO 2 does not take part in nucleating acicular ferrite. In contrast, Ti-rich oxides were found on the surfaces of MnO · SiO 2 inclusions in welds containing 17 wt. PPM Ti (Ti17). These welds have a predominantly acicular ferrite microstructure. Both types of welds have similar hardenability, as indicated by the nominal composition (see Table 2 ). Rods of 6.35 mm diameter were machined from all-WM test specimens. The samples were austenitized at 1 200°C for 10 min and were cooled at a rate of 50 K s
Ϫ1
. This cooling rate was designed so that a thin allotriomorphic ferrite layer would form along the austenite grain boundaries before the onset of bainitic/acicular ferrite formation.
The measured relative radius changes for both the samples are shown in Fig. 7(a) . The plots indicate that the transformation kinetics are sluggish in the Ti07 weld compared with those of the Ti17 weld. A geometrical method [see Fig. 7(b) ] developed by Eldis 63) was used to convert the measured transformation strains into a volume fraction. The converted ferrite fraction is shown as a function of temperature in Figs. 7(c) and 7(d) . The data from the Ti07 welds Table 2 . Composition of Ti-containing low-alloy steel weld metals. showed a change in transformation rate at ϳ700 K, which is below the calculated martensite start (Ms) temperature. This change is interpreted as evidence of martensite formation. The results suggest that the Ti07 welds might have a mixture of bainite and martensite. The plots indicate that the transformation kinetics just below the bainitic start (B s ) temperature for Ti17 welds are slightly more sluggish than the kinetics for Ti07. Interestingly, the rate of transformation for Ti17 welds increased above that of the Ti07 welds after certain undercooling below Bs temperature.
The corresponding microstructures of the Ti07 and Ti17 samples are shown in Figs. 7(e) and 7(f) . The Ti07 samples clearly show predominantly bainitic microstructure, and the Ti17 samples clearly showed predominantly acicular ferrite microstructure. These results were interpreted based on bainite transformation kinetic theory. [64] [65] [66] [67] According to this published bainite transformation kinetic theory, [64] [65] [66] [67] the growth of bainite occurs by subsequent formation of a ferrite subunit by a diffusionless mechanism. Additionally, the carbon partitioning from this plate occurs after the cessation of growth. As a result, further nucleation of the subunit will take place from an austenite that is enriched in carbon. This leads to cessation of bainite formation when the carbon content of the austenite reaches T 0 composition (or TЈ 0 with 400 J mol Ϫ1 strain energy). In addition, the model also allows for enhancement of the nucleation through the autocatalysis effect due to previous ferrite subunits. With this model, the rate of change in extent of the transformation at a temperature for bainite formation is given by the following equation, 67) .... (1) where K 1 is a parameter related to austenite grain boundary surface area per unit volume, u is the ferrite subunit volume, x is the current extent of transformation, q is the maximum bainite volume fraction that can form at that temperature, K 2 is a constant, R is gas constant, T is temperature in Kelvin, DG 0 m is the maximum driving force of the nucleation of ferrite, r is another constant given by 2 540 J mol (2) where x is the bulk carbon concentration in the units of mole fraction l 1 and l 2 and are constants. Previous researchers using isothermal kinetic data derived the constants K 1 , K 2 , and l 2 67) and the variation of subunit volume with temperature. The K 1 parameter represents the nucleation rate of bainite at any boundary. If the austenite grain boundaries are free, K 1 for bainite formation will be related to grain boundary area per unit volume (S V g-g ). 65 ) If the austenite grain boundaries are decorated by the allotriomorphic ferrite, it will be related to the allotriomorphic ferrite-austenite interfacial area per unit volume (S V g-a ) that is capable of nucleating. 68) In the case of acicular ferrite, the K 1 parameter is related to the inclusion-austenite interfacial area (S V g-inc ) that is capable of nucleating bainitic subunits. 19, 24, 25) The additivity law was assumed, and Eq. (1) was applied to the transformation data shown in Fig. 7 in the temperature range between the B s and M s temperatures. The best-fit parameters were obtained [see Table 3 ] assuming 2.098ϫ 10 4 J mol Ϫ1 as a value for K 2 of and 30.327 as a value for l 2 . The DG 0 m is calculated assuming praequilibrium transformation using methodology described in the published literature 69) and online software repository. † The Table 3 shows that the K 1 and l 1 values for Ti07 welds were different from the values for the Ti17 welds. The variation of ferrite fraction predicted using fitted values are shown in Figs. 7(c) and 7(d). The analysis assumes that only bainitic ferrite formed in Ti07 samples and that only acicular ferrite formed in Ti17 samples. Although this assumption is valid based on the microstructural observations, it may be complex in other conditions. Such situations may occur when the austenite grain boundaries are not fully decorated with allotriomorphic ferrite. 70 ) Detailed analysis of model predictions and experimental ferrite fractions from Figs. 7(c) and 7(d) show some interesting features. In the case of Ti07 welds, the maximum experimental ferrite fraction achieved at 737 K is 0.81, and the kinetic model was able to fit this value very well. In contrast, the maximum experimental ferrite fraction achieved at 737 K is 0.97, although the model predicts only 0.87. This result shows that the transformation to acicular ferrite appears to go further than bainitic transformation. This change may be related to larger carbon trapping between the acicular ferrite subunits than that between the bainitic ferrite subunits. 66) Additionally, the K 1 value for Ti07 welds was higher than the value for Ti17 welds, and the autocatalysis factor for Ti17 weld is higher than that for Ti07 welds. Recently, Tszeng 71) theorized that the effect of autocatalysis on bainitic transformation kinetics is based on the shape of the bainite subunit. In addition, theoretical consideration of changes in S V g-g , S V g-a , S V g-inc and K 1 on and the types of inclusion characteristics 24) on competition between acicular ferrite and bainitic ferrite for generic weld metal composition is being pursued further through theories of simultaneous transformation kinetic models.
72)
The above results indicate that microstructural control necessitates that the welding process must be capable of varying the dissolved gases (through gas shielding, slag shielding, or deoxidizer addition), rapid cooling rates and precise control of WM composition. Although, above control of the evolution of WM microstructure can be achieved with traditional welding processes (including shielded metal arc welding, submerged arc welding, flux-cored arc welding and gas-metal arc welding), the added constraint of reducing weld heat input for welding ultra fine-grained steel makes the application of the traditional processes difficult. The newly developed laser-assisted arc-welding (LAAW) process shows great potential. The LAAW process requires a minimum joint-fit setup, which makes it practical for a wide range of weld geometries. The laser heat source and arc heat source are coupled (see Fig. 8) , and, and the heat-input to the welds can be minimized by controlling the arc power and laser power. In addition, shielding gas and filler metal can be used to precisely control inclusion characteristics and microstructure evolution. Currently, the LAAW process is being evaluated at ORNL for wide range of steels. 73) 
Summary and Conclusions
The results presented in this paper have demonstrated that it is indeed possible to control the evolution of WM microstructure by modifying inclusion characteristics, WM solidification, and solid-state transformation. The competition between oxide and nitride inclusions in Fe-C-Al-Mn steel weld was described. The roles of WM composition and cooling rate on solidification and subsequent solid-state transformation in Fe-C-Al-Mn welds were described with diffusion-controlled-growth models. The formation of nonequilibrium austenite solidification at rapid cooling in Fe-C-Al-Mn stationary welds was successfully identified with an in situ TRXRD technique. This nonequilibrium phase selection was analyzed with interfacial response function models. Rapid transformations of austenite to acicular ferrite in steels with titanium-containing inclusions were compared with sluggish transformation of austenite to bainite during continuous cooling. Theoretical evaluation of these results showed that acicular ferrite formation has a large autocatalysis factor compared with that of bainite. The LAAW process was introduced as a potential process for welding ultra fine-grained steels. Fig. 8 . Schematic illustration of laser-assisted arc-welding setup that combines the advantages of a low-heat input laser with the flexibility of changing the weld metal composition through consumable selection and shielding gases.
